Abstract. This paper presents the composite biostructures created by laser structuring of the single-walled carbon nanotubes (SWCNTs) in an albumin matrix. Under the exposure of femtosecond laser radiation, the heating of the albumin aqueous solution causes liquid water to evaporate. As a result, we obtained a solid-state composite in the bulk or film form. Using the molecular dynamic method, we showed the formation of a framework from SWCNTs by the example of splicing of the open end of one nanotube with the defect region of another nanotube under the action of the laser heating. Laser heating of SWCNTs up to a temperature of 80°C to 100°C causes the C─C bond formation. Raman spectra measured for the composite biostructures allowed us to describe the binding of oxygen atoms of amino acid residues of the albumin with the carbon atoms of the SWCNTs. It is found that the interaction energy of the nanotube atoms and albumin atoms amounts up to 580 kJ∕mol. We used atomic force microscopy to investigate the surface of the composite biostructures. The pore size is in the range of 30 to 120 nm. It is proved that the proliferation of the fibroblasts occurred on the surface of the composite biostructures during 72 h of incubation.
Introduction
Recently, the tissue engineering is intensively developing with the application of modern methods of laser optics. This interdisciplinary branch is an alternative to the common practice of human organ transplantation. Its aim is the regeneration of the vital functions of an organism by the replacement of pathologically impaired biological tissues, their preservation, and maintenance. Of particular importance is the search for ways to develop new synthetic implantation materials for stimulating cell proliferation during tissue formation. [1] [2] [3] [4] There are many papers that describe how to obtain threedimensional (3-D) composite structures using laser stereolithography, selective sintering, and polymerization of liquid and powder materials. [5] [6] [7] [8] [9] [10] Due to the development of femtosecond lasers, the two-photon polymerization of 3-D nano-objects became more popular. [11] [12] [13] [14] A multiphoton absorption and local polymerization in the laser beam waist region can be achieved by means of the focused femtosecond laser beam with the wavelength corresponding to the transparency of the created composite structure. Macromolecules are formed from the initial monomer during the polymerization process. The purpose of this process is to create the active centers in a liquid reactive medium using triggering laser radiation. These centers initiate the growth of the polymer chains while interacting with the molecules of the monomer. Since the active centers appear only in the irradiated region, the polymerization proceeds mainly in this area, that is, the spatial selectivity of laser polymerization is achieved. The active centers are formed when the photopolymer interacts with the radiation of a certain spectral range. A high quantum efficiency of laser polymerization requires less power from the triggering radiation, because the absorption of one quantum of radiation causes polymerization of up to 10 4 molecules of monomer. The absorption coefficient must be large enough for complete absorption in a thin layer (0.05 to 0.5 mm) of the photopolymer. A film of solid polymer is formed in the irradiated region. However, using such methods, it is difficult to create large 3-D structures for the manufacturing of medical implants.
This paper presents the results of the theoretical and experimental investigations of the creation of the composite biostructures by laser structuring of the carbon nanotubes (CNTs) in the water matrix of albumin.
Methodology
The water-protein suspension was used as an initial medium. We have chosen the most photostable type of protein-albumin (BioClot, Germany). Albumin is widely applied for laser welding of the biological tissues as a laser solder. 15, 16 This transport protein is about 60% of the blood plasma proteins and its average concentration in plasma is ∼40 g∕L. Albumin has the lowest molecular weight (∼69;000) among all the blood plasma proteins. The albumin transport function is the transfer of free fatty acids, cholesterol, and other biologically active substances. The secondary or tertiary conformational structure under the slight protein load of the toxins is typical for albumin. The picture of the dried drops of a freshly prepared aqueous solution of serum albumin is characterized by a large number of radial cracks that form arches on the edge of the drop. It is well studied at the atomic-level structure: the molecule of albumin has two versions (isomers), which are a rotational ellipsoid and an irregular triangular prism. 17 CNTs were used as a reinforcing filler in an albumin matrix. CNTs are allotropic forms of carbon and have a filamentary structure. CNTs have attracted attention from the researchers due to their high mechanical strength, and excellent thermal and electrical properties. The sizes of CNTs are close to the sizes of the main components of the natural cellular matrix, and their mechanical properties are similar to the properties of the protein structures. [18] [19] [20] To create the composite biostructures, we used single-walled carbon nanotubes (SWCNTs). Nanotubes were synthesized by an arc discharge method using Ni/Y catalyst, then they are cleaned in a mixture of HNO 3 ∕H 2 SO 4 with the following washing until neutral reaction. 21 The average diameter of the synthesized nanotubes is 1.4 to 1.6 nm, length is 0.3 to 0.8 μm, and a specific surface is ∼400 m 2 ∕g. The purity of SWCNTs is 97.16%. Figure 2(a) shows the scaning electron microscopy (SEM) image of SWCNTs.
The laser technology in the formation of the composite biostructures included several steps. The first step was the preparation of an aqueous colloidal solution of SWCNTs (dispersing medium). 22 To do this, SWCNTs with the concentration of 0.1 g∕L were added to pure water to research the cells. The obtained solution was subjected to the powerful ultrasonic probe homogenizer (time, 30 to 40 min; power, 40 W) in order to eliminate discontinuities associated with the conglomeration of SWCNTs in bundles. The second step was the preparation of an albumin aqueous solution with SWCNTs. The albumin powder was dissolved in an aqueous solution of SWCNTs at a concentration of 25 wt. %. Further, the composition was dispersed in an ultrasonic bath until the solution was completely homogeneous (time: 40 to 60 min). Low power ultrasound (power <10 W) was used in order to prevent the damaging of the albumin molecules structure.
A key feature of this method of forming the composite biostructures was the use of an unfocused laser beam, which was directed at the albumin aqueous solution of CNTs. The formation of solid material was caused by the evaporation of the liquids under laser irradiation.
A titanium-sapphire (Ti:Sa) femtosecond laser was used to obtain the composite biostructures based on CNTs in an albumin aqueous matrix. The laser's generation wavelength was equal to 810 nm. The pulse duration was 140 fs, and the frequency was 80 MHz. The radiation power of the laser was equal to 2 W. The reason for using a femtosecond laser is a high energy/power of pulses and a high frequency of their following (duty cycle of ∼6 × 10 5 ). This allows us to control the heating of the albumin aqueous solution up to the desired temperature without destroying the 3-D structure of the albumin molecules. Nevertheless, the use of laser radiation with longer pulse duration is also possible. Figure 1 (a) is a scheme of irradiation of the albumin aqueous solution of CNTs using a laser beam. A pulsed radiation was produced by a laser (1) and passed through the Glan prism (2), which was used to vary the radiation power. Then, the radiation was divided into two parts with a beamsplitter (3). The first part of the radiation was incident upon the power detector (5) through a calibrated neutral light filter (4) . The second part of the radiation was rotated 90 deg by an angle prism (6) and incident on the negative lens (7). Defocused laser radiation (8) was entered the objective lens (9) and acquired the necessary diameter (10) to influence the albumin aqueous solution of CNTs (11) in the container (12) . The radiation had Gaussian spatial profile (13) . The diameter of the incident beam was equal to the diameter of the container with the albumin aqueous solution of CNTs. The thickness of the solution layer was ∼5 mm. The action of the laser radiation on the albumin aqueous solution was performed until the solid-state composite material was formed. The sizes and shape of the bulk composite biostructure directly depend on the shape of the container in which the albumin aqueous solution of CNTs was located. The external view of the bulk composite biostructure with a height of 8 mm and diameter of 10 mm is shown in Fig. 1(b) .
To obtain a composite film sample, we performed a uniform application of the albumin aqueous solution of SWCNTs to the silicon substrate using the ultrasonic deposition method or spin coating. The thickness of the solution layer was 20 to 40 μm. Further, a laser radiation was directed to a silicon substrate with a layer of solution. The irradiation of the solution was carried out until the liquid evaporated and a solid film appeared [ Fig. 1(c) ]. The thickness of the composite biostructure film was in the range of 5 to 10 μm. The diameter of the film of a circular shape was 10 mm and depended on the area of the incident laser radiation.
Results

Creation of the Composite Biostructures
In order to investigate the formation mechanism of the composite biostructures, we performed numerical calculations using the molecular dynamics method. We simulated the formation of the framework of CNTs under laser radiation. As is known, the nanotubes contain many defects formed during their synthesis. It is predicted that the nanotubes most likely will be spliced exactly in these defective areas. Besides, defective areas will heat up most noticeably under heating tubes by a laser beam, as the thermal conductivity is markedly reduced in these areas. 23 We considered two tubes with the chiral indices (22, 22) and (24, 24) as their diameters are the closest to the data yielded by the experiment-1.4 and 1.6 nm, respectively. We simulated the most common structural defects: single vacancy (1V) defect, double vacancy (2V) defect, and Stone-Wales (SW) defect.
The obtained experimental data show a high mechanical strength of the composite biostructure (hardness was ∼300 MPa), indicating the formation of covalent bonds in the area of connection of the tubes. It is well known that defective areas of the tubes are chemically more active than defect-free areas. 24 The resulting branched structure of the nanotubes is shown in Fig. 2(b) .
Simulation of the Laser Creation of Carbon Nanoframework
At an initial moment of the simulation, the nanotubes were randomly located in the periodic box in an aqueous environment. The temperature increased from 90°C to 200°C and was regulated by a Nose-Hoover thermostat. The formation of the contact between the SWCNTs was performed using open source software for molecular modeling Kvazar, 25 simulating the tube heating under laser radiation. The energy of the nanotubes was calculated using a reactive empirical bond order potential force field. 26 This approach was successfully used earlier by the authors in the predictive modeling of the structure formation of the carbon nanocomposites and other complex hybrid carbon materials. 27, 28 The simulation of the formation of C─C bonds between defect-containing nanotubes was performed within a few nanoseconds. Figure 3 shows the results of the numerical experiments. Figure 3(a) shows "the splice" of an open end of the nanotube (22, 22) with the defective area of the nanotube (24, 24) . The defective area contains two 2V defects and one SW defect. Other concentrations of defects including 1V defect were also examined. The enthalpy of formation for the contact was calculated during the splicing of the SWCNTs. Figures 3(b) and 3(c) show the changes in enthalpy of formation with the numbers of chemical bonds for different defective areas. In each case, a defective area contained a different number of defects (1V, 2V, and SW). The presented enthalpy graphs allow us to conclude that the formation of the framework of SWCNT is more energetically favorable in the presence of four 1V defects in the area of the connection of the tubes.
The lengths of C─C bond between the tubes ranged from 1.38 to 1.55 Å.
The thermodynamic stability of the obtained compounds of CNTs was tested using long molecular dynamic simulation (up to 2 ns) with the increase in the temperature up to 600 K and then up to 1200 K. It was established that the formed covalent bonds of the nanotube framework are conserved under heating by a laser beam even up to 1200 K. In order to verify the obtained results, a fragment of a nanotube framework (including the contact area of the SWCNTs) was studied using a density functional method on the basis of a tight binding scheme (DFTB2). 29 The atomic structure of the spliced nanotubes was optimized by the DFTB2 method. The results of the atomic structure investigation confirmed the obtained topology of the contact area of the spliced nanotubes with maintaining the same C─C bonds between the SWCNTs.
Thus, we revealed the decisive factors in the formation of the nanotube framework under the laser heating: (1) the distance between the defective area of the nanotube and the open end of the other nanotubes and (2) the temperature of the laser heating. An increase in temperature up to 80°C to 100°C causes the C─C bonds, because the local heating of the defective areas leads to an increase in amplitude of atomic vibrations and, consequently, to the formation of C─C bonds. A further increase in temperature may slightly increase the number of C─C bonds but also break some bonds, especially in highly strained areas. Thus, in general, high temperatures are not critical for the formation of the nanotube framework.
On the basis of the results of numerical simulation, we established the average time of the direct formation of the bonds between the nanotubes at the distance of 2 to 2.5 Å. This time is 10 to 20 ps, depending on the amount of formed chemical bonds. Figure 4 shows the change in the number of C─C bonds during the formation of a connection between the nanotubes in the case of mixed defects in the SWCNT structure [ Fig. 3(a) ]. The nature of the adhesion of the nanotubes is clearly observed. It could be seen that two or more bonds can be formed at once, then broken and formed again. However, for a short time all the bonds are stabilized.
Interaction of Carbon Nanotube Framework with Albumin
The SEM image shows the increase of SWCNTs in diameter from 1.4 to 1.6 nm to 30 to 40 nm [ Fig. 2(b) ]. This may be Journal of Biomedical Optics 065003-3 June 2017 • Vol. 22 (6) due to adhesion of SWCNTs in bundles as a result of the van der Waals forces. However, from SEM image of the original SWCNTs, it is possible to notice another kind of the nanotube bundles [ Fig. 2(a) ]. Another reason for the increase of SWCNTs in diameter is the functionalization of SWCNTs by an albumin layer during the formation of the composite biostructure under the laser heating. The formation of the composite biostructures in the view of the binding of albumin amino acid residues with the CNTs was described using Raman spectroscopy. The spectrum excited by the neodymium-doped yttrium aluminium garnet (Nd:YAG) laser radiation (wavelength of 1046 nm, power of 0.1 to 0.2 W, depending on the signal/noise ratio) was recorded with a resolution of 4 cm −1 , then averaged for over 150 scans, and subjected to inverse Fourier transformation (Fig. 5) .
The peaks representing the O-H valence vibrations of water molecules (3283 cm −1 ) are almost invisible in the spectrum. These peaks are not brightly evident and blurred in the Raman spectroscopy. The peak at 2932 cm −1 of valence symmetric vibrations of CH 2 is clearly visible and is characteristic for all organic compounds. The spectrum presented the peak at 1673 cm −1 , amide 1 (the valence C═O vibration), which appears in almost all protein macromolecules. The low intensity for this peak indicates a small fraction of albumin in an alphahelix conformation. The peak at 1003 cm −1 corresponds to the C─C valence vibrations of aromatic organic compounds.
In addition to the deformation vibrations of CH 3 and CH 2 (1443 and 1335 cm −1 ), we revealed the band characterizing the organic component of the composites at 1593 cm −1 in the spectrum of the composite biostructures. This peak corresponds to the valence vibrations (CCH) of the aromatic ring. This spectrum differs from the spectrum of pure albumin by the presence of a chemical bonding with inorganic component of the samples. 30 The low intensity of the amides I vibrations, meaning a low proportion of the protein component in an alphahelix conformation, are due to partial denaturation of albumin under laser exposure during composite creation. It is interesting to note the decrease in peak intensity of the vibration at 1593 cm −1 , which is characteristic for CNTS. Apparently, during the obtaining composites, the action of laser radiation and protein bonding leads to the creation of a material that is different from the structure of pure SWCNTs. Amino acid residues of Glu and Asp at the surface of the albumin interacting with the SWCNTs were determined from the Raman spectrum of the composite biostructure. The radical of acidic amino acids has an additional carboxyl group, which can form chemical bonds with the surface of the SWCNTs via oxygen atoms. We calculated the interaction energy of an albumin and SWCNTs. These value ranges from 3.7 to 580 kJ∕mol. The lower limit of this range corresponds to the van der Waals energies for intermolecular interactions of amino acids in proteins, and the upper one to the energy of covalent bond between CNTs and oxygen amino acid residues of an albumin. 31 
Atomic Force Microscopy of Composite Biostructure
In order to observe the proliferation of cellular material, we produce flat (as a film) samples of composite biostructure on a silicon substrate [ Fig. 1(c) ]. The resulting surface topography of composite biostructure (Fig. 6 ) was obtained using atomic force microscopy (AFM). Figure 6 (a) shows the presence of the sections of pores with the size ranging from 30 to 120 nm (dark spots). The type and number of pores depended on the technological parameters of the sample preparation (concentration of SWCNTs, the time and power of laser exposure). The number of pores and their size decreased with increasing concentration in the initial albumin dispersion. This may be due to the reinforcing effect of SWCNTs during the formation of the framework under laser radiation. 3-D AFM images of the composite biostructures based on SWCNTs exhibit low (−12.5 nm) and high (þ6.3 nm) sections of the samples [ Fig. 6(b) ]. The surface structure was uniform with periodically recurring cavities in the form of pores.
Cell Proliferation on Composite Biostructures
The proliferation of living cells-the fibroblasts on the surface of a composite biostructure-is shown after 3, 24, 48, and 72 h of incubation in CO 2 -thermostat using the optical microscopy (Fig. 7) . The samples after 3 h of incubation showed a slight tendency to distend with retaining an almost rounded shape. The size of the cells was about 50 μm. The size of the cellular appendages was 10 to 50 μm. After 24 h of incubation, the cells were more flattened on the surface with taking an elongated oblong shape [ Fig. 7(a) ]. The number of cells that stuck to the sample after 24 h was greater than after 3 h. A greater degree of cell proliferation was observed in the samples incubated for 48 and 72 h. The size of fibroblasts increased, and thee cells filled the entire area of the sample.
Microimages have shown that after 72 h, the largest number of cells was observed on the surface of the composite biostructure sample. Their distribution was denser in comparison with the control samples on the basis of a pure albumin film.
In order to study the effect of the composite biostructures on the morphology of fibroblasts, we scanned the samples using AFM [ Fig. 7(b) ]. For this, the cells on the sample were covered with a composition based on glutaraldehyde for a certain time interval during incubation. After 48 h of incubation, the cells were more flattened on the surface of samples in comparison with the samples after 24 h of incubation. It should be noted that after 48 h the sample surface was almost completely filled with cells. A noticeable accumulation of SWCNTs functionalized by an albumin layer did not have an adverse impact on the cell structure. Over time, the number of arms due to which the fibroblasts well attached to the porous surface composite biostructure increased. After 72 h of incubation, the fibroblasts were more organized and filled all of the available space. Nuclei and nucleoli were clearly visible. A comparison of the morphology of the fibroblasts grown on the samples of the composite biostructures and on the control cover glasses did not allow us to determine what irregularities occurred in the development of the cell. This is because the size and shape of the organelles in the fibroblasts on the composite biostructures did not differ from the structure of the control cells on the cover glasses. Thus, the samples did not exert a toxic effect on the cells and did not change their normal morphology.
Discussion
Under laser irradiation of the albumin aqueous solution of SWCNTs in the near-infrared region, an intensive absorption of radiation occurred. This process was accompanied by heating of the nanotubes. As is known, the CNTs have high thermal conductivity and elasticity. This fact allows them to retain structural integrity even under very strong heating and to distribute thermal energy throughout their length. However, significant heating will occur at the ends of the nanotube and in the areas of the localized defects where the thermal conductivity is markedly reduced. Different kinds of defects are caused in the nanotubes during their synthesis and under heating by laser radiation. The open ends of nanotubes and areas with the defects are the most chemically active. Therefore, we suggested that the SWCNTs will be spliced namely in the defective areas. The numerical simulation showed that the splicing of nanotubes into a framework starts under the laser heating up to a temperature of 353 K. This process occurs within a few nanoseconds. When the temperature increases up to large values, for example, up to 1200 K, the formation of nanotube contacts proceeds faster, namely for 10 to 12 ps. It is important to note that the formed nanotube framework is not destroyed under heating up to 1200 to 1400 K, retaining its thermodynamic stability. In the composite biostructures, the bonding of SWCNTs with the albumin molecules occurs using the Glu and Asp amino acid residues. This bond forms between the atoms of CNTs and oxygen atoms of amino acid residues of albumin. The results of molecular dynamic simulation showed that an increase in the number of oxygen atoms leads to a decrease in the interaction energy between SWCNTs and albumin. The addition of the oxygen atoms to the SWCNT leads to a deformation of the nanotube. The more oxygen atoms, the deformation is stronger. The change in the attachment points of oxygen atom to the nanotube oxygen atoms allows us to configure the desired shape of the nanotube framework in the albumin matrix. This in turn will determine the conditions of the cell regeneration for certain biological tissues.
The composite biostructures based on the albumin aqueous solution of SWCNTs have a developed surface with periodic peaks and troughs. It can be seen from the AFM images and is associated with CNT framework, which is formed under laser radiation. This type of surface provides a high degree of adhesion of the fibroblast cells in the samples, as is shown in Ref. 19 . Thus, the colonization and growth of cells are provided on the surface of the composite biostructures over time. This is associated with the better cellular proliferation on the porous surfaces. The fibroblasts have an ordered arrangement on the nanostructured surface of the samples. Within 48 h, the surface of the composite biostructures is filled with the cells almost completely. The AFM images demonstrate the accumulation of CNTs under fibroblasts. This accumulation does not adversely affect on the morphology of the cells.
Conclusions
As a result of the investigations, we found out the fundamental possibility of obtaining the composite biostructures by the evaporation of the albumin aqueous solution of SWCNTs using femtosecond laser radiation. By the method of molecular dynamic simulation, we proved the formation of a framework of nanotubes by their splicing at the defective areas under the laser heating. The interaction energy of the nanotube framework with an albumin matrix was determined. The technology for producing the framework by the bonding of oxygen atoms of albumin amino acid residues with the carbon atoms of SWCNTs was presented. The positive impact of the created composite biostructures on the fibroblasts cells was proved. The tissue engineering matrices for the regeneration of connective tissues can be created from the composite biostructures. The proliferation of living cells and the subsequent restoration of 3-D structure of the biotissues will be provided during the implantation of the composite biostructure into pathologically altered areas of connective tissue (e.g., cavities of the epithelium, cartilage, etc.).
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